Abstract-The applicability of the one-dimensional pseudo-homogeneous model of the cooled tubular reactor is studied. Using the two-dimensional model as the more accurate one we compared both models by studying the influence of the design and operating variables on the conditions in the hot spot of the reactor. The effects were studied on an analytical basis, and a relation is derived that describes the radial temperature profile in the hot spot of the reactor. In the first section we present the model equations and discuss the results obtained from a numerical evaluation. In the second section we compare mean and maximum radial temperatures and reaction rates in case a single exothermic reaction is carried out. We conclude that-for reactors operating in the steady state-in the hot spot the one-dimensional model predicts the proper temperature when it is compared with the average temperature calculated by the twodimensional model, although large differences may arise between maximum and mean radial temperature. A new method is presented to obtain the maximum radial temperature in the hot spot directly from the results of the one-dimensional model. It was found that there can be large differences between the actual average reaction rate and the reaction rate at mean temperature as obtained from the one-dimensional
In the literature many studies have been published dealing with the proper design of tubular reactors for exotherrnic reactions. These studies are either based on the prevention of runaway or the preservation of a certain a priori desired selectivity. Well known is the paper by Barkelew (1959) , who showed that in a plot of the conversion vs the hot spot temperature two regions can be distinguished. One region-that of the low parametric sensitivity-has the property that a small change in the operating conditions also leads to a small change in the hot spot temperature. In the second region-that of high parametric sensitivity-a small change in operating conditions causes a large increase in the temperature profile along the reactor axis.
Westerterp er al. (1984) , Westerterp and Overtoom (1985) , and Westerlnk and Westerterp (1988) present a series of papers dealing with the design and operation of cooled tubular reactors for reaction systems consisting of two or more exothermic reactions and relate the design and operating parameters to the desired selectivity. Both Barkelew and Westerterp used the pseudo-homogeneous one-dimensional model (ODM) to arrive at their results. Morbidelli and Varma (1988, 1989) presented a series of papers in which they study parametric sensitivity in a cooled tubular reactor. They conclude that the reactor becomes sensitive to all the operating conditions and physicochemical parameters simultaneously.
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Several investigators
presented papers that deal with the applicability of the ODM. Froment (1967 Froment ( , 1974 studied the difference between the ODM and the pseudo-homogeneous two-dimensional model (TDM).
He concluded that for "mild conditions" the ODM predicts the proper mean temperature. Froment does not point out what "mild conditions" are but suggests using the TDM in view of the increased power of the computer. Hlavacek (1970) also showed that the ODM gives proper values of the mean radial temperature as long as the reactor is operated in the region of low parametric sensitivity of the TDM. He points out that the regions of parametric sensitivity of the TDM and ODM differ. Both Hlavacek and Froment based their results on a semi-theoretical basis: they developed parameters and scanned the region using the numerically solved TDM.
Mears (1971) presented a criterion based on an analytical solution of the radial profile in a packed bed as derived by Chambre and Grossman (1955) . He combined the mean reaction rate, the wall temperature, the effective conductivity in the bed and the activation temperature into a relation to be fuElled for a quasi-isothermal radial temperature profile. In this study we will focus mainly on the temperature and reaction rate profiles in the hot spot of the reactor, where the conditions are extreme, and compare the behavior of the ODM and the TDM under equal conditions. First, we will discuss the results obtained from the model equations of the TDM and the ODM. Next, we will derive a new radial temperature profile equation for the hot spot.
In the next section we will define regions for which the ODM is in good agreement with the TDM. Moreover, we will relate the radially mean temperature in the hot spot, as obtained from the ODM, to the maximum radial temperature. Apart from the temperature reaction rates are also important since they influence the selectivity. Therefore, we will also compare the mean reaction rate obtained from the TDM with the reaction rate calculated by the ODM.
THE REACTOR MODEIS USED FOR COMPARISON
The two-dimensional model For more complex reactor design problems the TDM is frequently used. For a single first-order exothermic reaction the following partial differential equations are obtained for the case when axial dispersion is neglected for the conversion: ax, 
The initial conditions are
For all parameter values given above the radial concentration gradient can be neglected. Among others this was also found by Froment (1974) . This can be understood if we take into account that mass can not pass through the reactor tube wall, so there is no driving force for mass towards the wall. This is in contrast to heat, which does pass the reactor tube wall.
For parameter values up to conditions that lead to extreme hot spot temperatures-so near runaway conditions-the radial location of the hot spots all are in the same plane perpendicular to the tube axis.
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The most important parameters are the tube slenderness (LR), the reciprocal number of particles on a diameter (DR), the Bodenstein numbers for mass and heat (Bo, and Bo,,), the Biot number (Bi), the adiabatic temperature rise (A&,) and the dimensionless residence time (Da,). Refer to the notation for their definitions. The values of So,, Bo, and Bi have to be determined from empirical correlations. We performed many profile computations and scanned the following parameter ranges: -Da,U*<t?>
with usually the initial conditions 8 = 0, = 0, = 0 and X, = 0 for z = 0. Moreover we choose Da, = 100 to achieve nearly In the TDM the withdrawal of heat is described by pronounced temperature profiles. We have used the relations presented by Fahien and Smith (1955) Fahien and Smith (1955) it is corrected for the number of particles on a diameter. If DR is high Bo, increases, so we assumed a maximum value of DR = l/4 which leads to a maximum value of Bo, = 20. The dispersion factor for heat, 30,) is affected by both the thermal conductivity of the stagnant bed, ;I,, and the heat dispersion due to flow, 1,. For the conductivity due to flow Bo,, z 8, and also this number depends on the number of particles on a diameter and it increases for increasing DR. For the maximum value of DR we obtain a value Bo, = 15.
We found the following effects after evaluation of the results:
(1) (2) complete conversion and A&,, = 1.5 to obtain rather a conductivity in the bed (A,,) and a transfer of heat at the reactor wall (a,). In the ODM these effects are lumped into one parameter called the overall heat transfer coefficient U. If we reexamine the conclusions of the numerical evaluations of the TDM the following simplifications can be made for the model equations of the TDM in the hot spot. We observed that for every radial position the hot spot was located at the same axial position, therefore-in the hot spot-the partial derivatae ive -in eq. (2) can be put equal to zero. Moreover we az observed that there is no significant radial concentration gradient which makes it possible to introduce a radially mean conversion <X,> as was done for the ODM. If also the Frank-Kamenetski approximation is used we obtain the following differential equation for the radial temperature profile in the hot spot:
which is subject to the boundary conditions dp -- sensitivity, thermal conduction and the reactant concentration. Each of these properties influence the profile in its own, but different, way. In the RTPM method where we use a certain reactant concentration C,,( 1 -<X,>), in the hot spot that can be the result of a high inlet concentration and a low conversion in case of a well-cooled reactor or-also for the same yp Duiv (1 -<X, >11, value-a low reactant inlet concentration and a high conversion which is the situation of near runaway in a badly cooled reactor. In studies of cooled tubular reactors-performed at our research institute-the factor yp Da,, (1 -(X, >) is encountered frequently; it is the ratio of the temperature sensitivity of the heat production rate to that of the heat withdrawal rate.
In the case we are interested in mean temperatures these can be calculated by means of the following equation:
whichisthesolutionof<rp>=/~~r*dr*/~~r*dr*.
ANALYSIS OF THE HOT SPOT Locus of maxima curves
In the previous paragraphs we described the three models that will be used for comparison. We will compare them by analyzing the conditions in the hot spot, which means the predicted hot spot temperatures for a given hot spot conversion. As a basis for our studies we use a plot of the hot spot conversion given by the variable yp Da ,v( 1 -<X, > ),,., vs the predicted mean hot-spot temperature <cp>s.. This method of representation is similar to that introduced by Barlcelew (1959), who plotted rp vs X, .
In .
As can be seen from Fig. 2 . the profile starts at <rp> = 0, going from right to left, it rises until the hot spot is reached and then decreases approaching the point reached after an infinite residence time and given by ypDalv(l -(X,)) = 0, <q> = 0. For the two profiles plotted the parameters were chosen such that profile (a) is in the region of low parametric sensitivity and profile (b) in the region of high parametric sensitivity. The dashed lines are the so-called locus of maxima curves, relating the temperature and the value of yp Da,(l -X,) in the hot spot. Of course the locus of maxima curves can be calculated by means of any of the three reactor models mentioned. For the TDM and the RTPM we calculated the mean temperature in the hot spot using the FrankKamenetski approximation. We plotted the results of all three models for a given value of yp in Fig. 3 : it can be seen that the RTPM follows the curve of the TDM even beyond the maximum. By numerical evaluation it was found that in cases where the RTPM deviates from the TDM the radial concentration gradient is no longer fiat; in that case the assumption of a constant concentration along the reactor radius is not valid anymore. However, the discrepancy occurs beyond the maximum in the locus of maxima curve which is beyond the point of practical interest because we then already operate in the undesired region of high parametric sensitivity. From this evaluation we may conclude that the RTPM and the TDM produce the same results as long as we operate in the region of low parametric sensitivity or, the other way around, the RTPM predicts the same region of low parametric sensitivity as does the TDM. This implies that the RTPM and the TDM are equivalent models as long as we can use the Frank-Kamenetski approximation (y,, > 10). Therefore in our discussion from now on we will use the RTPM instead of the TDM.
Diflerences in mean temperature as predicted by the ODM and the RTPM
In Fig. 3 we plotted the locus of maxima curves of the three models for one explicit value of Bi, Bi = 2.77. Fig. 4 , where we used the lumping relation given by eq. (6). As can be concluded from Fig. 4 there are considerable differences in the predicted regions of low parametric sensitivity and the hot spot temperatures at a given conversion X,. To illustrate the difference in the region of parametric sensitivity we plotted the maximum value of the parameter yp Da,,( 1 -X,), as a function of Bi. This is shown in Fig. 5 , where the region of parametric sensitivity is below the plotted line-here the locus of maxima has two solutions, one in the region of high parametric sensitivity and one in the region of low parametric sensitivity. Above the line no solutions are possible, whereas only one solution is found for parameter values on the line. As can be seen in Figs 4 and 5 the predicted areas defined by the RTPM are much smaller then the ones predicted by the ODM. This implies that for design cases based on the ODM one might think that the parameter values found lead to safe operation while in reality they cause a runaway.
We also plotted the locus of maxima curves when eq. (5) is used for lumping of the heat parameters: this is shown in Fig. 6 . As can be seen the differences between both areas prove to be much smaller than when eq. (6) was used for lumping. This is illustrated once more in Fig. 7 . As can be concluded from Fig. 7  using eq. (5) for lumping leads to a good overall prediction of the area of safe operation. At low Bi values the region is slightly underestimated whereas for high Bi values the region is somewhat overestimated.
From the discussions given above we may conclude that the ODM can be used to predict the region of low pammetric sensitivity us Long us eq. (5) is used to lump the heat transfer parameters. We will now quantify the differences in hot spot temperature as predicted by the ODM and the
RTPM.
To this end we introduce a parameter Ae that accounts for the difference. It is defined as factor-is about the same, the factor 3.06 still should be used because it leads to a proper prediction of the region of low parametric sensitivity.
T?uz maximaam radial temperature vs the mean ternperature
Although the ODM can be used to calculate proper values for the mean temperature in the hot spot, according to the conclusions above, large differences can be found between the mean and the maximum temperature in the hot spot. These differences may lead to an unexpected decrease in selectivity, sintering of the catalyst or even a local runaway. For a correct application of the ODM it is not enough that the ODM predicts proper values for the mean temperature. The difference between mean and maxim:m temperature should also be kept within certain limits.
The maximum radial temperature is achieved in the axis of the reactor tube, so that the maximum temperature in the entire reactor is reached in the center of the hot-spot location. Therefore we will present a method correlating the mean radial temperature in the hot spot to the maximum temperature in the hot spot. This method enables the design engineer to use the ODM and to check whether the profile in the hot spot is flat or rather pronounced. values, the mean and the maximum temperature in the hot spot, are found without using the TDM. Using the ODM and Fig. 10 the design engineer can answer all questions about the maximum temperature achieved somewhere in the reactor under stable operating conditions.
Radial differences in reaction rate
For the design engineer not only the temperature but also the reaction rate is important. If there is a large difference in reaction rate, the selectivity will show large differences as well. Therefore we should also investigate differences in reaction rate profiles. Since there are no radial concentration gradients in the region of low parametric sensitivity the radial reaction rate profile is only affiited by the temperature. We will use the same approach for studying the reaction rate profiles as we used for the temperature profiles. First we study the difference between the mean radial reaction rate as obtained from the RTPM and the reaction rate at mean temperature as calculated from the ODM. Next we discuss the reaction rate at the mean temperature in relation to the maximum reaction rate achieved on the reactor axis.
The locus of the mean reaction rate
In the hot spot the reaction rate calculated from the ODM is a reaction rate at the mean temperature and concentration, so we get the following dimensionless form for the reaction rate obtained from the ODM:
In Fig. 11 this relation is plotted as a function of the  parameter y,. Da,,( 1 -(X, >) hs_ Putting the value yp = co is equivalent to using the Frank-Kamenetski approximation, so <RX >/( 1 -(X, >Ir, = exp < rp>. In the ODM the reaction rate is evaluated at the mean temperature, but evidently this is not correct, so we Fig. 10 . Maximum temperature vs mean temperature in the hot spot for Bi = 0, 1,2,5 and 10. which is equal to <R*>/(l -<X,>), = <exp(rp)>. Also the locus given by this equation is plotted in Fig. 11 . It is clear that the discrepancy between the ODM and the RTPM can be large since the difference in temperature is magnified by the exponential factor. Similar to the relative error in temperatures between the ODM and the RTPM we define a factor A, which makes it possible to compare the differences in reaction rate. It is defined as r*exp(rp,,&dr* -exp(<cPonM>)
In Fig. 12 we plotted the factor AR vs yr Da," ( 1 -(X, >b using 3.06 as the lumping factor for the heat transfer parameters. From Fig. 12 it can be concluded that the error in the mean reaction rate can be as large as 15%, which is much higher then the error made in the temperature. Based on this conclusion it _ EXP (<VP>) Fig. 13 . Maximum reaction rate as a function of the reaction rate at the mean temperature both determined with the RTPM for Bi = 0, 1,2,5 and 10.
follows that when the ODM is used for multiple reactions the error in the selectivity can be significant. However, kinetic data are seldom known with an accuracy better than 15%. Therefore, we still advise using the ODM for preliminary design procedures.
i'Xe maximum reaction rate us the reaction rate at mean temperature Like for the mean temperature and the maximum temperature in the axis at the hot spot we can also relate the maximum reaction rate to the reaction rate at mean temperature as obtained with the ODM. Using this relation one obtains an indication for the differential selectivity profile in the hot spot. In case of a large difference between the mean and the maximum rate the selectivity achieved can be much lower then estimated from the results of the ODM. In Fig. 13 we plotted the maximum reaction rate qrnax vs the reaction rate at mean temperature for various values of Bi. The differences can be considerable: for high Bi values--so for pronounced temperature profilesthey can amount to 100%. In view of these results we may expect serious effects of the actual temperature profile on the local selectivity. An extensive discussion of the effect of the temperature profile on the local and mean selectivity is given by Westerink (1988).
CONCLUSIONS
In this study we discussed the two most frequently used models for the cooled tubular reactor, the ODM and the TDM, and answered the question when the ODM can be used for preliminary design studies. We restricted ourselves to study effects in the hot spot only, since here the effects are most extreme. From numerical evaluations of the TDM it was found that no significant concentration gradients exist for reactors operating under industrial conditions; also it was found that the hot spot is located at one axial position. Based on these results we developed the RTPM model that describes the radial temperature profile in the hot spot analytically for single reactions_ From numerical evaluations again the RTPM and the TDM proved to be equivalent in the region of low parametric sensitivity. When the factor yp Da,,( 1 -<X,>), was calculated from the conversion obtained from the ODM the results were even better. Based on this property we may state that the TDM can be replaced by the ODM together with the RTPM when effects in the hot spot are subject of studies. For these studies the Frank-Kamenetski approximation should hold true and the solution of the parameters should fall in the region of low parametric sensitivity.
In our discussion of the applicability of the ODM we distinguished two criteria for comparison:
(1) (2) the temperature. The mean temperature in the hot spot was compared with the temperature obtained from the ODM. It was found thiit the ODM leads to reliable values for the mean temperature as long as the solution of the boundary condition for the RTPM [es_ (13)7 has real roots. We also compared the difference in the mean and the maximum temperature and found that differences up to 50% of T -T, are possible. Moreover, we showed that the lumping relation presented by Crider and Foss (1965) can be used to predict the region of low parametric sensitivity. However, their factor of 3.06 in the lumping relation is not that strict and can be put equal to 3. reaction rates. The ODM and the RTPM were compared with respect to reaction rates and it was found that even for reactors operating in the region of low parametric sensitivity there can be large differences in the mean reaction rate as obtained from the RTPM and the reaction rate at mean temperature as calculated from the ODM. From this it follows that radial z dimensionless axial coordinate (Z/L) differences in reaction rate can be significant. Z axial coordinate, m However, one should realize that kinetic data are usually known with an accuracy less than 
Equations (A9 and (A6) together describe the radial temperature profile in the hot spot of a cooled tubular reactor.
